Plant class III peroxidase (PRX) catalyzes the oxidation and oxidative polymerization of a variety of phenolic compounds while reducing hydrogen peroxide. PRX proteins are classified into apoplast type and vacuole type based on the absence or the presence of C-terminal propeptides, which probably function as vacuolar sorting signals (VSSs). In this study, in order to improve our understanding of vacuoletype PRX, we analyzed regulatory mechanisms of vacuolar sorting of a model vacuole-type PRX, the C1a isozyme of horseradish (Armoracia rusticana) (HRP C1a). Using cultured transgenic tobacco cells and protoplasts derived from horseradish leaves, we characterized HRP C1a's VSS, which is a 15 amino acid C-terminal propeptide (C15). We found that the C-terminal hexapeptide of C15 (C6), which is well conserved among vacuole-type PRX proteins, forms the core of the C-terminal-dependent VSS. We also found that the function of C6 is enhanced by the remaining N-terminal part of C15 which probably folds into an amphiphilic a-helix.
Introduction
A plant class III peroxidase (PRX) has the ability to catalyze the oxidation and oxidative cross-linking of various phenolic donor molecules such as lignin monomers, the phytohormone auxin and other secondary metabolites (Hiraga et al. 2001) . In these reactions, hydrogen peroxide is used as an oxidant. The PRX genes form large multigenic families in plant genomes, and 73 and 138 PRX genes have been identified in the genomes of Arabidopsis thaliana (Tognolli et al. 2002, Duroux and Welinder 2003) and Oryza sativa (Passardi et al. 2004 ), respectively. In PRX gene expression analyses, some genes were induced by wounding and pathogen infection (Kawaoka et al. 1994 , Huh et al. 1997 . Based on enzymatic reactions and transcriptional regulation, PRXs are thought to be involved in lignin deposition, cell elongation and defense responses in vivo ), but only a few experimental studies have examined their biological roles (Bindschedler et al. 2006 , Passardi et al. 2006 .
PRX proteins are classified into apoplast type and vacuole type based on the absence or presence of C-terminal propeptides which probably function as vacuolar sorting signals (VSSs) (Hiraga et al. 2001) . Among vacuole-type PRX proteins, the enzymatic functions of the C1a isozyme in horseradish (Armoracia rusticana) (HRP C1a) have been well studied because HRP C1a is highly stable and widely used as a reporter enzyme for a variety of detection procedures such as enzyme-linked immunosorbent assays (ELISAs) and Western blotting (Azevedo et al. 2003) . Previous reports have shown that HRP C1a mediates the generation of reactive oxygen species (ROS) in vitro as well as the consumption of hydrogen peroxide. Hydroxyl radicals are generated using NADH (Chen and Schopfer, 1999, Liszkay et al. 2003) and superoxide is produced during the consumption of the phytohormone salicylic acid (Kawano et al. 1998) . We previously isolated horseradish PRX genes, one of which encoded HRP C1a (Welinder 1979 , Fujiyama et al. 1988 , and the gene was named prxC1a. We have previously shown that a pre-mature form of HRP C1a contains an N-terminally located signal peptide (SP) for translocating PRX into the endoplasnic reticulum (ER) and a C-terminally located VSS , Matsui et al. 2006 . Although HRP C1a is stored in vacuoles in transgenic tobacco cells, it is still unknown whether HRP C1a localizes to vacuoles in horseradish cells.
Plant vacuolar proteins contain a propeptide that functions as a VSS. A sequence-specific VSS (ssVSS) is composed of an Asn-Pro-Ile-Arg-like motif, and is recognized by the BP80/ AtVSR protein family receptors (Hadlington and Denecke 2000) . Another VSS is called a C-terminal-dependent VSS (ctVSS), because ctVSS is functional only at the C-terminus of the protein (Dombrowski et al. 1993, Neuhaus and Rogers 1998) . These ctVSSs are found in storage proteins in seeds and tubers, and also in pathogenesis-related (PR) proteins including chitinase and glucanase. Several putative receptors for ctVSS, such as the receptor homology-transmembrane-RING H2 (RMR), have been identified (Jiang et al. 2000) . The luminal domain of RMR protein binds to the ctVSSs but not to ssVSS, and this interaction is disrupted when the C-terminus of the ctVSS is masked with two glycine residues (Park et al. 2007 ). These data imply that a C-terminal recognition system is present in this pathway, but the exact sequence requirement of ctVSS is not well understood.
In this study, VSS of a model vacuole-type PRX, HRP C1a, was characterized using cultured transgenic tobacco cells and protoplasts derived from horseradish leaves. The aims were to improve our understanding of vacuole-type PRXs and to obtain information about sequence requirements of ctVSSs. We found that the C-terminal hexapeptide (C6) in the entire VSS of HRP C1a (C15), which is well conserved among vacuole-type PRXs, functioned as a typical ctVSS, and the function of C6 was diminished when the C-terminus was masked with two glycine residues. We also obtained results indicating that the function of the C6 core is enhanced by the remaining part of C15 and that the secondary structure of C15 is important for this function.
Results
The last six amino acids of C15 function as a VSS and the remaining region of C15 has additional supportive functions
We have previously reported that the C-terminal propeptide of HRP C1a, which is referred to as C15 herein, acts as a VSS in transgenic tobacco cells (Nicotiana tabacum L. cv. BY2) . Vacuolar sorting mechanisms are often analyzed using BY2, and it has been reported that both ssVSS and ctVSS are functional in BY2 cells (Matsuoka and Nakamura 1991 , Koide et al. 1999 , Mitsuhashi et al. 2000 . Therefore, in this study, we further characterized this signal using the BY2 system. First, deletion analyses were performed. Genes encoding HRP C1a mutants that lack the C-terminal (ÁC5, ÁC3) or N-terminal portion of C15 (C6) were constructed (Fig. 1A, B) .
Protein samples were prepared from cell and medium fractions and analyzed by isoelectric focusing (IEF) and activity staining for PRX. We quantified the bands for HRP C1a in the cell and medium fractions. The chemiluminescence detection system has a very high sensitivity and could detect very small amounts of HRP C1a in the culture medium without concentration steps. Then, the percentage of HRP C1a in the culture medium [= HRP C1a in medium/HRP C1a in medium and cells combined Â 100 (%)] was calculated. A higher level of secretion indicates that the VSS has lower activity. We analyzed at least two clones for each construct and found that the percentage secretion was highly similar in clones containing the same construct and was not dependent on the HRP C1a expression levels (Supplementary Table S1 ). In the case of C15, the majority of HRP C1a was retained in cells (Fig. 1B) and was detected in isolated vacuoles ( Supplementary Fig. S1 ). In the case of ÁC5, about 75% of HRP C1a was recovered from the medium fraction (Fig. 1B) , and HRP C1a in the cell fraction was not recovered in isolated protoplasts ( Supplementary Fig. S2 ), which suggests that this 75% secretion corresponds to HRP C1a with no VSS. In the case of C6, the majority of HRP C1a was retained in cells ( Fig. 1B and Supplementary data S1). These results indicate that C6 plays a very important role in the vacuolar sorting of HRP C1a. In the case of ÁC3, the percentage of secreted HRP C1a was intermediate between that of C15 and ÁC5 (Fig. 1B and Supplementary Fig. S1 ), which suggests that C15 is recognized by a cellular receptor with varying degrees of recognition. The percentage of secreted HRP C1a was significantly lower in cells expressing the C15 construct (approximately 1.5%) than in cells expressing the C6 construct (approximately 8.4%) (P < 0.05) (Fig. 1B) , which implies that the N-terminal portion of C15 plays some role in enhancing the effects of C6.
The C-terminal propeptide of HRP C1a is not an ssVSS Next, in order to investigate whether C15 contains an ssVSS, we constructed modified HRP C1a genes containing C15 at the N-terminus of mature HRP C1a ( Fig. 2A) . If C15 is an ssVSS, it could function even at the N-terminus of HRP C1a. As a positive control, a well-characterized ssVSS of sweet potato sporamin (HSRFNPIRLPTTH, core of the signal underlined) (Matsuoka and Nakamura 1991) was fused to HRP C1a (Fig. 2B , Spo-C1a). The HRP C1a construct, which has a four amino acid insertion between the SP and mature region as a result of addition of an EcoRV site, was also incorporated as a negative control (Fig. 2B , ERV-C1a). BY2 cells were transformed by the Agrobacterium method, and then clones expressing HRP C1a were selected by IEF and activity staining and cultured in LS liquid medium. Several HRP C1a bands with a lower pI than the native HRP C1a were detected for C15-C1a, ERV-C1a and Spo-C1a, presumably due to incomplete cleavage of the N-terminally fused extra peptides ( Supplementary Fig. S3 ).
Signal intensities of all bands detected were summed, and the distribution of HRP C1a in each transgenic BY2 culture was analyzed as described above. As shown in Fig. 2B , the percentage of secreted HRP C1a for ERV-C1a was approximately 75%. The percentage of secreted HRP C1a in the case of C15-C1a (approximately 64%) was as high as that for ERV-C1a, and much higher than that for Spo-C1a (approximately 6.1%) (Fig. 2B) . These results indicate that C15 is not functional at the N-terminus of HRP C1a and that C15 is not an ssVSS.
The N-terminal portion of C15 plays a role in enhancing the C-terminal recognition system
In order to characterize C15 further, glycine masking analyses were performed. As a control, a well-characterized ctVSS of barley lectin (BLC; VFAEAIAANSTLVAE-COOH) and its derivatives were linked to one or two glycine residues and then incorporated (Fig. 3) . Because the ctVSS of BLC is C-terminal dependent, the vacuolar sorting activity in tobacco cells was reduced when the C-terminus was masked by glycine residues (Dombrowski 1993) . The vacuolar sorting activity of BLC was reduced by glycine masking in our experimental system, and a stepwise increase in secretion was observed with an increase in the number of glycine residues (Fig. 3) . Glycine masking had a greater impact on the secretion mediated by C6 than BLC, and attaching only one glycine residue led to almost a complete loss of activity (Fig. 3) . The activity of C15 was also diminished by glycine masking, but this effect was relatively lower. C15 + G and C15 + GG retained an activity comparable with C15. C15 + GGG retained moderate activity, but this activity was significantly (P < 0.05) lower than that of C15 (Fig. 3) . These data confirmed that C15 and C6 function through the C-terminal recognition system and further indicate that the N-terminal portion of C15 plays a role in enhancing the effects of C6.
We further showed in Fig. 1B that ÁC5 could also enhance the activity of heterogenous ctVSS. About 40% of the HRP C1a proteins were secreted by the cells expressing modified HRP C1a in which its C15 was replaced with AFVY sequences, which is a ctVSS derived from common bean phaseolin (Hunter et al. 2007 ). On the other hand, only 2.5% of the HRP C1a proteins were secreted by the cells expressing modified HRP C1a in which the last five amino acids of C15 were replaced with the AFVY sequences (LLHDMVEVVDAFVY-COOH) (Fig. 1B) .
Evidence that the secondary structure of C15 is important
The predicted secondary structure of C15 by the Chou-Fasman method (Chou and Fasman 1974) indicates that C15 forms an amphiphilic a-helix, which has a hydrophobic face and a hydrophilic face containing three acidic amino acids (Fig. 4A, B) . Therefore, we hypothesized that the secondary structure in the complete or N-terminal portion of C15 strengthens the activity of C6. To verify this hypothesis, key amino acids were substituted with proline residues, which destabilize the secondary structure. A hydrophobic valine residue at position 344 in C15 was substituted with a proline residue (V344P). Although V344P HRP C1a secretion from cells was as low as 3%, the proline substitution significantly (P < 0.05) diminished the vacuolar sorting efficiency of C15 (Fig. 4C, C15 and V344P ). In addition, the proline substitution was also introduced in the glycine-masked C15 in order to disturb the C-terminal recognition system and to emphasize the effects of the proline substitution (V344P + GG). In the presence of glycine masking, the vacuolar sorting efficiency was drastically affected and up to 60% of HRP C1a was present in the culture medium of cells expressing V344P + GG (Fig. 4C , C15 + GG and V344P + GG). To determine whether the effect of proline substitution results from a disruption in the secondary structure or simply from mutating the primary amino acid sequence, the Val344 of glycine-masked C15 was also substituted with other amino acid residues, including leucine, alanine, glycine, glutamate or lysine residues (V344L + GG, V344A + GG, V344G + GG, V344E + GG and V344K + GG). Substitutions with hydrophobic leucine and alanine had little impact (Fig. 4C) , while the glycine, acidic glutamate and basic lysine substitutions had less impact than that of the proline residue. These data imply that it is not the primary amino acid sequence but the secondary structure of the N-terminal portion of C15 that is important to enhance the effects of C6.
Validation of vacuolar sorting signals in horseradish cells
By biochemical fractionation, we confirmed that native HRP C1a exists mainly in vacuoles in horseradish cells ( Supplementary Fig. S4 ). To determine whether the above-mentioned signals behave in horseradish cells similarly to their behavior in tobacco BY2 cells, visible green fluorescent protein (GFP) reporters were transiently transfected into protoplasts derived from horseradish leaf cells. We constructed modified GFP genes that contained an N-terminally fused SP derived from HRP C1a and C-terminally fused signals (C6, C6 + GG, C15, C15 + GG and BLC). When SP-GFP-C15 was expressed, GFP was detected in the ER network during the early culture period at 20 h post-transfection (Fig. 5A-C) . As time passed (about 30 h post-transfection), approximately half of the protoplasts expressing GFP showed a vacuolar localization of GFP ( Fig. 5D-F ). This transition of GFP signals from the ER to the vacuoles was also observed with SP-GFP-C15 + GG and SP-GFP-C6 (Fig. 5G-L) . In the case of SP-GFP-C6 + GG, the GFP signals were detected only in the ER irrespective of the culture period ( Fig. 5M-R) , and the percentage of protoplasts with green fluorescent signals decreased with time, conceivably because the GFP was secreted outside the cell. These results indicate that C6 acts as a VSS in horseradish cells and that this activity is diminished by glycine masking. Both C15 and C15 + GG retained VSS activity in horseradish cells and, therefore, the importance of the N-terminal portion of C15 was confirmed in horseradish cells.
Discussion

Diversity of ctVSSs among plant PRXs
We found that the last six amino acids of C15 (Asp-Phe-ValSer-Ser-Met-COOH) act as a ctVSS. In Supplementary  Table S2 , the C-terminal propeptide regions (putative VSSs) of various dicot PRXs were aligned. Among the examined PRXs, AtPRX32, AtPRX33, AtPRX34 and AtPRX38 are reportedly present in vacuoles (Carter et al. 2004 ). The putative VSSs of dicot plants do not have overall similarity, but the last six amino acids were very similar, with a Gly/Asp-Ø-Ø-Ser-Ser-Ø-COOH (Ø = hydrophobic amino acid) consensus motif. These data are consistent with our experimental data showing the importance of the C-terminal six amino acids. Putative VSSs of Brassicaceae plants are very similar to C15, with only a few amino acid changes (Supplementary Table S2) , and most of these differences were acidic to acidic and hydrophobic to hydrophobic residue changes. These Brassicaceae VSSs are supposed to fold into an amphiphilic helix. PRXs in fabaceae plants have a ctVSS with a relatively hydrophilic N-terminus, and the ctVSSs of solanaceae PRXs are very short and seem to contain only the core ctVSS element. Among monocot PRX proteins, there is no overall similarity among the putative ctVSSs except for the four C-terminal amino acids, which are relatively Table S3 ). In most cases, an Ø-Ala-Ala/Ser-Ala/Ser-COOH-like motif has been identified. These findings suggest that receptor proteins of dicot and monocot plants may have different binding preferences.
conserved (Supplementary
Strengthening the ctVSS by an amphiphilic helix
Our results imply that the helical structure of C15 is important. This idea is supported by the finding of Welinder and Jorgensen (2009) that a putative ctVSS of potato patatin (ANKASY-COOH) folds into an a-helix. We consider that an amphiphilic helix alone is insufficient to function as a ctVSS based on the following results. The C-terminal propeptide of rat carboxypeptidase E (EEEKEELMEWWKMM), which reportedly forms an amphiphilic helix and interacts with the lipid membrane in a pH-dependent manner (Fricker et al. 1990) , was not able to mediate vacuolar sorting in BY2 cells when it was located at the C-terminus of HRP C1a and subjected to glycine masking ( Supplementary Fig. S5 ). Another amphiphilic helix that is derived from the movement protein of barley yellow dwarf virus (GEQGALAQFGEWL, Dennison et al. 2007 ) did not serve as a ctVSS either ( Supplementary Fig. S5 ). Here, we found that only 1.5% of HRP C1as with an intact C15 were secreted into the medium, while 8.4% of HRP C1as lacking the N-terminal part of C15 (C6) were secreted (Fig. 5) . This result indicates that ÁC5 could enhance the activity of the C6 core. One possible explanation for the significance of the secondary structure is that the receptor-binding affinity increases in the presence of the N-terminal or the overall helix. Thus, the affinity between the RMR protein and each signal needs to be further analyzed. According to our unpublished data, acidic amino acids in C15 could play an important role in vacuolar sorting during the ER exit of HRP C1a. When the N-terminus of a GFP reporter was fused with a secretion SP and the C-terminus was fused with a modified C15 in which the acidic Asp342 and Glu345 residues were replaced with hydrophobic leucine residues (LLHLMVLVVDFVSSM-COOH) and expressed in A. thaliana protoplasts, the ER exit of GFP was severely delayed compared with a GFP that was fused with the native C15. Purely hydrophobic a-helices would bind to or be inserted into the ER membrane and would retain the protein in the ER. In general, the stability of an amphiphilic helix, which is composed of a hydrophilic face containing acidic amino acids and a hydrophobic face, increases at an acidic pH (Fricker et al. 1990 ). We hypothesize that C15 is negatively charged in the ER lumen, which has a neutral pH, to avoid interacting with the lipid membrane and forms the helix only after HRP C1a is subjected to a low pH in the Golgi where C15 interacts with a receptor.
Long-term storage for the burst release?
We showed that HRP C1a has a ctVSS and is stored in vacuoles in horseradish cells. ctVSSs are found on the C-terminus of a variety of PR proteins together with PRX. However, it was unknown how vacuolar PR proteins inhibit pathogens until Hatsugai and co-workers determined the mechanism. Upon infection with avirulent bacteria, plant cells release their vacuolar contents through tunnels formed by the fusion of the tonoplast and plasma membrane into the extracellular space where the bacteria replicate (Hatsugai et al. 2009 ). They also showed that, when viruses invade plant cells, nicks in the tonoplast cause the vacuole to leak its contents into the cytoplasm where the viruses replicate (Hatsugai et al. 2004) . We speculate that vacuole-type PRXs stored in vacuoles are released into the extracellular space or cytoplasm in response to pathogen infections. Upon the collapse of vacuoles, HRP C1a and hydrogen peroxide are simultaneously released. This leads to strengthening of the cell wall and the release of more active hydroxyl radicals that attack the invading pathogens upon the consumption of the appropriate substrates. This burst reaction is possible if a large amount of PRX proteins remain in the vacuoles. For extended storage in vacuoles, N-linked glycans that are attached to a vacuole-type PRX protein will play important roles. It was previously reported that HRP C1a has eight N-glycans that account for approximately 20% of its molecular weight (Welinder 1979) . In general, N-glycans on the surface of a protein protect the protein from proteases. Such N-glycans are also important for the thermodynamic stability of PRXs because deglycosylated HRP C1a has reduced stability at high temperatures (Tams et al. 1998 ). We surveyed sequence data for PRXs in PeroxiBase (Oliva et al., 2009, http://peroxidase.isbsib.ch/) , and explored the relationship between the number of N-glycosylation signals (Asn-X-Ser/Thr, Lerouge et al. 1998) and the presence of a VSS. We found that apoplast-type PRXs contain 2.5 ± 1.9 N-glycosylation sites (n = 140), while vacuole-type PRXs contain 7.0 ± 2.9 sites (n = 69). These data imply that vacuole-type PRXs have relatively high stability that allows them to be stored in vacuoles for an extended time period.
Materials and Methods
Construction of plasmids encoding modified HRP C1a
HRP C1a constructs were fused with a translational enhancer, the 5 0 -untranslated region (UTR) of the N. tabacum alcohol dehydrogenase (NtADH) gene (Satoh et al. 2004) , and placed between the cauliflower mosaic virus (CaMV) 35S promoter and the NOS terminator. The original HRP C1a gene fused with the NtADH 5 0 -UTR (C15) was described previously (Matsui et al. 2006) . The C15 + GG construct was generated by PCR using the NtADH-F primer (5 0 -GTCTAGAGTCTATTT AACTCAGTATTCAGAA-3 0 , XbaI site underlined) and C15 + GG-R primer (5 0 -GACTAGTCATCCTCCCATAGAGCTA ACAAA-3 0 , SpeI site underlined). The AFVY construct was generated by PCR using the NtADH-F primer and AFVY-R primer (5 0 -GACTAGTCAGTAGACAAACGCAGAGTTGGAGTTCACC AC-3 0 , SpeI site underlined). The ÁC5AFVY construct was generated by PCR using the NtADH-F primer and ÁC5AFVY-R primer (5 0 -GACTAGTCAGTAGACAAACGCGTCGTCAACGA CCTCCAC-3 0 , SpeI site underlined). To construct HRP C1a genes with modified C-terminal propeptides, an NsiI site was introduced downstream of the mature region of HRP C1a using the NtADH-F primer and C1a NsiI-R primer (5 0 -GTCATGCATG AGTTGGAGTTCACCACCCTA-3 0 , NsiI site underlined). The PCR fragment was inserted into the HincII site of pUC118. The plasmid was cut with NsiI and then blunted with T4 DNA polymerase and dephosphorylated with alkaline phosphatase. The appropriate oligonucleotides were annealed, treated with T4 DNA polymerase and T4 polynucleotide kinase, and the resulting fragments were each inserted into the above-mentioned dephosphorylated plasmid. The following oligonucleotides were used: C6, C6-F (5 0 -GACTTTGTTAGCTC TATG-3 0 ) and C6-R (5 0 -CATAGAGCTAACAAAGTC-3 0 ); C6 + G, C6-F and C6 + G-R (5 0 -TCCCATAGAGCTAACAAA GTC-3 0 ); C6 + GG, C6-F and C6 + GG-R (5 0 -TCCTCCCATAGA GCTAACAAAGTC-3 0 ); ÁC5, N10-F (5 0 -CTACTCCATGATATG GTGGAGGTCGTTGAC-3 0 ) and N10-R (5 0 -GTCAACGACCTCC ACCATATCATGGAGTAG-3 0 ); ÁC3, N10-F and N12-R (5 0 -AAC AAAGTCAACGACCTCCACCATATCATG-3 0 ); BL, BL-F (5 0 -GTT TTTGCTGAAGCTATTGCTGCTAATTCT-3 0 ) and BL-R (5 0 -TTC AGCAACCAAAGTAGAATTAGCAGCAAT-3 0 ); BL + G, BL-F and BL + G-R (5 0 -ACCTTCAGCAACCAAAGTAGAATTAG C-3 0 ); and BL + GG, BL-F and BL + GG-R (5 0 -ACCACCTTCAG CAACCAAAGTAGAATTAGC-3 0 ). Genes encoding the modified HRP C1a proteins, which contain Val344 mutations in C15, were generated by inverse PCR using the appropriate primers and templates. C15 + GG was used as a template to generate HRP C1a with glycine-masked signals, and C15 was used as a template for the non-masked signals. The following primers were used: V344P and V344P + GG, V344P-R (5 0 -GACCTCAGGCATATCATGGAGTA G-3 0 ) and V347V-F (5 0 -GTTGACTTTGTTAGCTCTATG-3 0 ); V344G + GG, V344G-R (5 0 -GACCTCACCCATATCATG GAG-3 0 ) and V347V-F; V344L + GG, V344L-R (5 0 -GACCTC CAACATATCATGGAG-3 0 ) and V347V-F; V344K + GG, V344K-R (5 0 -GACCTCCTTCATATCATGGAG-3 0 ) and V347V-F; V344E + GG, V344E-R (5 0 -GACCTCCTCCATATCAT GGAG-3 0 ) and V347V-F; V344A + GG, V344A-R (5 0 -GACCTC AGCCATATCATGGAG-3 0 ) and V347V-F. Genes for the HRP C1a variants with VSSs at the N-terminus were constructed as follows. First, an EcoRV site was inserted between the SP region and mature HRP C1a region by inverse PCR using ADH-HRP C1a ÁC (Matsui et al. 2006 ) as a template with the C1aEcoRV-F primer (5 0 -ATCTCTCAACTTACCCCTAC CTTC-3 0 ) and C1aEcoRV-R primer (5 0 -ATCAGAAGCATCAGAC AAAGAAGC-3 0 ). To generate the fragment for the sporamin ssVSS, the SpossVSS-F primer (5 0 -CATTCTAGATTTAATCCTAT TAGA-3 0 ) and SpossVSS-R primer (5 0 -ATGAGTAGTAGGCAAT CTAATAGGATTAAA-3 0 ) were annealed and then treated with T4 DNA polymerase and T4 polynucleotide kinase. The C15 fragment was generated by PCR using the N10-F primer and C6-R primer and then blunted and phosphorylated. The fragments for the sporamin ssVSS and C15 were ligated into the EcoRV site of HRP C1a.
DNA fragments encoding modified HRP C1a regions were independently subcloned into the binary vector pMS (Kawasaki et al. 1999) and placed between the CaMV 35S promoter and NOS terminator.
Construction of expression plasmids for EGFP reporters
The DNA fragment containing the NtADH 5 0 -UTR and HRP C1a signal peptide was PCR amplified using the NtADH-F primer, C1aSP-NcoI-R primer (5 0 -CCCATGGCATCAGACAAAGAAGC ATGAAG-3 0 , NcoI site underlined) and ADH-HRP C1a ÁC (Matsui et al. 2006 ) as a template. The PCR fragment was blunted and inserted into the EcoRV site of pBluescript SK-(plasmid X). The EGFP fragment, which was PCR amplified using the pEGFP vector (Clontech) as a template and specific primers (pEGFP-F, 5 0 -CGGTACCGGTCGCCACCATG-3 0 ; and EGFP-EcoRI-R, 5 0 -GGAATTCTTGTACAGCTCGTCCATGCCGA-3 0 , EcoRI underlined), was digested with NcoI and EcoRI and inserted into the NcoI-EcoRI sites of plasmid X (plasmid Y). The DNA fragment for each VSS was generated by PCR using the CTPP-EcoRI-F primer (5 0 -TTGAATTGTAGGGTGGTGAATTCCAA CTCA-3 0 , EcoRI site underlined), NOS-R primer (5 0 -CAAGACC GGCAACAGGATTCAATC-3 0 , complementary to the NOS terminator region in pMS) and corresponding binary vector as a template. Each VSS fragment was digested with EcoRI and SacI, and inserted into the EcoRI-SacI sites of plasmid Y. Fragments for ADH-C1aSP-EGFP-VSSs were subcloned into pBI221 (Clontech).
Polyethylene glycol-mediated transient expression of GFP reporters
Horseradish (A. rusticana) root tubers were obtained at a supermarket and buried under soil in a pot. The regenerated plant was grown in a greenhouse. Transient expression of the GFP reporters was performed according to the procedure we have described previously (Matsui et al. 2009 ). Young leaves were used as a starting material for preparation of protoplasts.
Transformation of cultured tobacco cells
Cultured tobacco cells (N. tabacum L. cv. BY2) were used as a host. The culture and transformation of tobacco cells were performed as previously described (Nakayama et al. 2000 , Satoh et al. 2004 ).
Activity staining of PRX protein
Protein samples were subjected to IEF as previously described . After IEF, PRX was detected with chemiluminescence. For chemiluminescence detection, an ECL kit (Amersham Biosciences) was used according to the manufacturer's instructions, and the chemiluminescence was monitored using a LAS-3000 imaging system (Fuji Photo Film). The amount of HRP C1a was determined based on a standard curve that was generated using commercially available HRP C1a (Type I, Sigma). One unit forms 1.0 mg of purpurogallin from pyrogallol in 20 s at pH 6.0 and 20 C.
Supplementary data
Supplementary data are available at PCP online. 
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